Introduction
Solute transport and ultrafiltration (UF) rates vary largely in patients with end-stage renal disease who are treated with chronic peritoneal dialysis (CPD). 1 This information reflects the differential capability of peritoneal membranes to transport or remove solutes and water in individual patients. With the use of the standard peritoneal equilibration test (PET), peritoneal membranes can be classified into four main types on the basis of the transport rates, including high (H), high average (HA), low average (LA), and low (L) transporters. 1 This classification is based primarily on the removal of solutes, which are small molecules. Several studies have shown an association of the type of peritoneal membranes and the outcome of CPD. 2 The high transporters are associated with greater loss of UF and higher risk of mortality. 3 Several factors may be involved in this different outcome, including UF rate, solute clearance, inflammation, and nutritional status. Recently, there is evidence demonstrating that patients with high transport membranes have greater peritoneal protein loss. 4 However, whether there is any difference in the component of proteins removed by different types of peritoneal membranes remains unclear.
This study was therefore conducted to examine proteome profiles and identify differentially expressed proteins in peritoneal dialysate effluents (PDE) of 20 CPD patients with different types of peritoneal membranes. Gel-based, differential proteomics approach revealed five protein spots whose intensity levels significantly differed among groups. These protein spots were then successfully identified by matrix-assisted laser desorption ionization quadrupole time-of-flight (MALDI-Q-TOF) mass spectrometry (MS) and tandem mass spectrometry (MS/MS) analyses. Their potential roles in the physiology of peritoneal membrane transport in CPD patients are discussed. The differences among groups in PDE levels of C4A and immunoglobulin κ light chain were clearly confirmed in a validation set of the other 24 patients using ELISA.
Materials and Methods
Patients. A total of 44 CPD patients, who had different types of peritoneal membranes, were recruited into this study. The dialysate fluid containing Na + (132 mequiv/L), Ca 2+ (3.5 mequiv/L), Mg 2+ (0.5 mequiv/L), Cl
-(96 mequiv/L), lactate (40 mequiv/L), and dextrose (1.5%) with the osmolarity of 346 mOsmol/L (Dianeal PD-2; Baxter; Deerfield, IL) was used throughout the study. All subjects were free from peritonitis at least 1 month prior to the study, which was carried out in accordance with the Declaration of Helsinki (2000) of the World Medical Association and has been approved by the Institutional Ethics Committee. All these patients were grouped as H, HA, LA, and L transporters, which were defined by dialysate/serum creatinine (Cr) ratios during 4 h dwell time (D/P Cr4h) according to the standard PET, as described by Twardowski. 1 The test set containing 20 patients (n ) 5 for each group) was subjected to proteomic analysis using a two-dimensional gel electrophoresis (2-DE) approach. Their clinical data, age, gender, duration of CPD therapy, and numbers of peritonitis episodes were reviewed and recorded. Peritoneal and serum urea nitrogen, Cr, and albumin were analyzed by an Express Plus autoanalyzer (CIBA Corning Diagnostics Corp., Norwood, MA). Total protein levels in PDE were analyzed by the biuret method. Peritoneal small solute clearances were determined by weekly peritoneal urea clearance normalized with distribution volume of urea (pKt/V urea) and creatinine clearance normalized with body surface area (npCCr), as previously described. 5 The distribution volume of urea (Vurea) and body surface area were calculated using Watson and Hume equation and Dubois and Dubois formula, respectively. 5 Nutritional status was assessed by patients' serum albumin and normalized protein nitrogen appearance (nPNA) as recommended in the European Best Practice Guidelines for peritoneal dialysis. 6 Dialysate CA-125 level was also measured. After the PET and proteomic study, numbers of peritonitis episodes in individual patients were recorded for 1 year.
The validation set containing 24 patients (n ) 6 for each group) was subjected to confirmation of the proteomic data using ELISA to measure PDE levels of C4A and IgG.
Sample Collection. The PDE samples were collected at the end of the PET study. Immediately after the collection (within 30 min interval), cells and debris were removed by low-speed centrifugation (1000g for 10 min) and clear supernatants were saved at -70°C until use.
Sample Preparation for Proteomic Analysis. Proteins in the supernatant of PDE were precipitated with 75% ethanol and solubilized with 7 M urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl)dimethylamino]-1-propanesulfonate (CHAPS), 2% ampholytes, 120 mM dithiothreitol (DTT), and 40 mM Tris. Protein concentrations in individual samples were measured using the Bradford's method. Because urea, thiourea, CHAPS, and other compositions in the sample/lysis buffer can interfere with the protein estimation, we generated the standard curve using bovine serum albumin (BSA) at concentrations of 0, 2, 5, 7, and 10 µg/µL in the same sample/lysis buffer to ensure that the standards and the samples had the same background that might occur due to chemical interference.
Two-Dimensional Gel Electrophoresis (2-DE) and Staining. An equal amount (200 µg) of total protein from each sample was resolved in each 2-D gel (n ) 5 gels in each group; total n ) 20 gels). Immobiline DryStrip (linear pH gradient of 3-10, 7 cm long; GE Healthcare, Uppsala, Sweden) was rehydrated overnight with 200 µg of total protein that was premixed with a rehydration buffer containing 7 M urea, 2 M thiourea, 2% CHAPS, 2% (v/v) ampholytes (pH 3-10), 120 mM DTT, 40 mM Tris-base, and bromophenol blue (to make the final volume of 150 µL per strip). The first-dimensional separation (IEF) was performed in an Ettan IPGphor II IEF System (GE Healthcare) at 20°C, using stepwise mode to reach 9000 V‚h. After completion of the IEF, proteins on the strip were equilibrated in a buffer containing 6 M urea, 130 mM DTT, 30% glycerol, 112 mM Tris base, 4% sodium dodecyl sulfate (SDS), and 0.002% bromophenol blue for 10 min and then with another buffer containing 6 M urea, 135 mM iodoacetamide, 30% glycerol, 112 mM Tris base, 4% SDS, and 0.002% bromophenol blue for 10 min. The IPG strip was then transferred onto 12% acrylamide slab gel (8 cm × 9.5 cm), and the seconddimensional separation was performed in an SE260 MiniVertical Electrophoresis Unit (GE Healthcare) with the current of 20 µA/gel for 1.5 h. Separated protein spots were then visualized with coomassie brilliant blue R-250 stain (Fluka Chemica AG, Buchs, Switzerland).
Matching and Analysis of Visualized Protein Spots. Image Master 2D Platinum (GE Healthcare) software was used for matching and analysis of protein spots in 2-D gels. Parameters used for spot detection were (i) minimal area ) 10 pixels, (ii) smooth factor ) 2.0, and (iii) saliency ) 2.0. A reference gel was created from an artificial gel combining all of the spots presenting in different gels into one image. The reference gel was then used for matching the corresponding protein spots between gels. Background subtraction was performed, and the intensity volume of each spot was normalized with total intensity volume (summation of the intensity volumes obtained from all spots within the same 2-D gel).
In-Gel Tryptic Digestion. The protein spots whose intensity levels significantly differed among groups were excised from 2-D gels, washed twice with 200 µL of 50% acetonitrile (ACN)/ 25 mM NH 4HCO3 buffer (pH 8.0) at room temperature for 15 min, and then washed once with 200 µL of 100% ACN. After washing, the solvent was removed, and the gel pieces were dried by a SpeedVac concentrator (Savant; Holbrook, NY) and rehydrated with 10 µL of 1% (w/v) trypsin (Promega; Madison, WI) in 25 mM NH4HCO3. After rehydration, the gel pieces were crushed with siliconized blue stick and incubated at 37°C for at least 16 h. Peptides were subsequently extracted twice with 50 µL of 50% ACN/5% trifluoroacetic acid (TFA); the extracted solutions were then combined and dried with the SpeedVac concentrator. The peptide pellets were resuspended with 10 µL of 0.1% TFA and purified using ZipTip C18 (Millipore; Bedford, MA). The peptide solution was drawn up and down in the ZipTip C18 for 10 times and then washed with 10 µL of 0.1% formic acid by drawing up and expelling the washing solution for three times. The peptides were finally eluted with 5 µL of 75% ACN/0.1% formic acid.
Protein Identification by MALDI-Q-TOF MS and MS/MS Analyses.
The proteolytic samples were premixed 1:1 with the matrix solution (5 mg/mL R-cyano-4-hydroxycinnamic acid (CHCA) in 50% ACN, 0.1% v/v TFA, and 2% w/v ammonium citrate) and spotted onto the 96-well sample stage. The samples were analyzed by the Q-TOF Ultima mass spectrometer (Micromass; Manchester, U.K.), which was fully automated with a predefined probe motion pattern and the peak intensity threshold for switching over from MS survey scanning to MS/ MS and from one MS/MS to another. Within each sample well, parent ions that met the predefined criteria (any peak within the m/z 800-3000 range with intensity above 10 count ( include/exclude list) were selected for CID MS/MS using argon as the collision gas and a mass dependent (5 V rolling collision energy until the end of the probe pattern was reached. The LM and HM resolution of the quadrupole were both set at 10 to give a precursor selection window of about 4 Da wide. Manual acquisition and optimization for individual samples or peaks was also possible.
The instrument was externally calibrated to <5 ppm accuracy over the mass range of m/z 800-3000 using a sodium iodide and PEG 200, 600, 1000, and 2000 mixtures and further adjusted with Glu-fibrinopeptide B as the near-point lock mass calibrant during data processing. At a laser firing rate of 10 Hz, individual spectra from a 5 s integration period acquired for each of the MS survey and MS/MS performed were combined, smoothed, deisotoped (fast option), and centroided using the ProteinLynx GlobalSERVER 2.0 data processing software (Micromass). This entailed the identification of the monoisotopic, carbon-12 peaks for MS data, and deconvolution of multiply charged spectra to their singly charged equivalents for MS/ MS data. MaxEnt 3, a maximum-entropy-based technique, has been designed for this purpose and is an integral part of ProteinLynx GlobalSERVER 2.0. 7 The combined MS and MS/MS ion meta data were searched in concert against the NCBI human protein database using the ProteinLynx GlobalSERVER 2.0 workflow. The search algorithm employed a Hidden Markov model that incorporates empirically determined fragmentation characteristics to increase the efficacy of the search. Additionally, the MS and MS/MS data were extracted and outputted as the searchable .txt and .pkl files, respectively, for independent searches using the MASCOT search engine (http://www.matrixscience.com), assuming that peptides were monoisotopic, oxidized at methionine residues, and carbamidomethylated at cysteine residues. Only 1 missed trypsin cleavage was allowed, and peptide mass tolerances of 100 and 50 ppm were used for peptide mass fingerprinting and MS/MS ions search, respectively. The search was performed using the NCBI human protein database. Significant hits required MS matching scores >65 and/or MS/MS ion scores >36.
Measurements of PDE Levels of C4A and IgG using ELISA. The proteomic data were validated by ELISA to measure PDE levels of C4A and IgG in a validation set of samples (n ) 6 in each group; total n ) 24). PDE samples (10 mL from each patient) were lyophilized and resuspended in 500 µL of dI water. The protein concentration was then measured using the Bradford's method. The protein concentrations of all samples were then adjusted to 50 µg/mL and 0.1 µg/mL for measurements of C4A and IgG, respectively.
To measure C4A level, 5 µg of total protein derived from the PDE sample of each patient was coated overnight onto the 96-well ELISA plate at 4°C. The sample was washed five times with a washing buffer containing 0.05% Tween-20 in PBS, and nonspecific bindings were blocked with 1% BSA in PBS at room temperature for 2 h. The sample was washed five times and probed with goat antihuman C4A (sc-23483; Santa Cruz Biotechnology Inc.; Santa Cruz, CA) (10 µg/mL in 0.1% BSA/PBS) at room temperature for 1 h. After five washes, the sample was probed with rabbit antigoat IgG conjugated with horseradish peroxidase (P0449; DakoCytomation; Glostrup, Denmark) (1: 2000 in 0.1% BSA/PBS) for 1 h at room temperature in the dark. After the other five washes, color reaction was developed using 0.6 mg/mL o-phenylenediamine dihydrochloride substrate (Sigma-Aldrich; St. Louis, MO) and protein concentration was measured at λ492 nm using an ELISA microplate reader (Anthos HTII; Anthos Labtec Instruments GmbH; Salzburg, Austria).
To measure IgG level, rabbit antihuman IgG (A0423; DakoCytomation) (0.25 µg/mL in 0.015 M Na2CO3 with 0.03 M NaHCO3) was coated overnight onto the 96-well ELISA plate at 4°C. After washing and blocking as described above, the PDE protein sample (10 ng of total protein; 0.1 µg/mL in 0.1%BSA/PBS) was added and incubated at room temperature for 1 h. The sample was then washed five times and incubated further with rabbit antihuman IgG conjugated with horseradish peroxidase (P0214; DakoCytomation) (0.25 µg/mL in 0.1%BSA/ PBS) for 1 h at room temperature in the dark. After the other five washes, color reaction and protein measurement were performed as described above.
Statistical Analysis. The mean values of individual parameters were compared among the four different transport groups by ANOVA with Tukey's posthoc multiple comparisons using the SPSS program (version 13.0). P < 0.05 was considered statistically significant.
Results
All CPD patients were grouped as H, HA, LA, and L transporters, which were defined by dialysate/serum creatinine ratios during 4 h dwell time (D/PCr4h) according to the standard PET, as described by Twardowski. 1 The test set containing 20 patients (n ) 5 for each group) was subjected to proteomic analysis using the 2-DE approach. The demographic data of these 20 patients are shown in Table 1 . Their age, gender and duration of CPD therapy were comparable among the four groups (H, HA, LA, and L). At least three patients in each group had considerably significant residual renal function (urine output >100 mL/day). Renal clearances of small solutes, as determined by rKt/V urea and nGFR, were comparable among groups. No patient had UF failure (as defined by UF < 100 mL after 4 h dwell with 2.27% glucose during the standard PET study). The H and HA transporters had significantly greater protein loss in PDE, consistent with the data reported previously. 4 As a result, their serum albumin levels tended to be lower than those of the LA and L transporters.
Weekly npCCr (normalized peritoneal creatinine clearance) tended to be highest in the H transporters. Although weekly pKt/Vurea, CA-125 (the marker of peritoneal mesothelial cell mass), nPNA (normalized protein nitrogen appearance), and number of peritonitis-free patients were not significantly different among groups, the H and HA transporters tended to have higher weekly pKt/V urea and CA-125 levels. These data implicated that the H and HA transporters tended to have greater small solute clearance than the LA and L transporters because of the greater solute transport with adequate UF.
Malnourished patients (nPNA < 1 g/kg/day) 6 were more likely to have inadequate urea clearance (tKt/Vurea < 1.7) (Chisquare p ) 0.09), whereas the patients who had total Kt/Vurea (tKt/Vurea) g 1.7 (adequate urea clearance) had significantly research articles
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greater nPNA than those who had inadequate dialysis (tKt/Vurea < 1.7) (1.17 ( 0.60 vs 0.74 ( 0.19 g/kg/day, respectively, p ) 0.026). Figure 1 shows representative 2-D gels of proteins derived from the PDE of individual groups. PDE proteins were concentrated by 75% ethanol precipitation, which offered a consistent amount of total protein recovered (with a coefficient of variation of 5.58% from eight independent experiments of the same PDE sample). Quantitative intensity analysis using ANOVA with Tukey's posthoc multiple comparisons of the data obtained from the four different groups (including H, HA, LA and L) revealed five protein spots whose intensity levels significantly differed among groups (Table 2) . These proteins were then successfully identified by MALDI-Q-TOF MS and MS/MS analyses (Table 3 and Supporting Information Table  S1 ). The L and LA transporters had lower levels of complement component C4A, immunoglobulin κ light chain VLJ region, and chain A, crystal structure of lipid-free human apolipoprotein A-1 (apoA-I), but a higher level of human serum albumin complex with myristic acid and triiodobenzoic acid, when compared to the H and HA transporters. These data indicate that the transport of macromolecules from the circulation into the PDE is determined by the intrinsic permeability of the peritoneal membranes. Table 4 shows subgroup analyses of the five proteins whose abundance levels in PDE significantly differed among groups. Parameters that were evaluated included numbers of peritonitis episodes, urea clearance as determined by total (renal and peritoneal) Kt/Vurea, and nPNA. Patients who had no peritonitis after 1 year follow-up and those who had poorer dialysis adequacy tended to have lower levels of immunoglobulin κ light chain VLJ region in their PDE.
The proteomic data were then confirmed by ELISA to measure PDE levels of C4A and IgG in the validation set of the PDE samples obtained from the other 24 patients (n ) 6 in each transport group). Figure 2 clearly show that the differences in PDE abundance of C4A and IgG obtained from ELISA were consistent with those obtained from 2-DE approach.
Discussion
This is the first preliminary study of the proteome profile of PDE obtained from patients with end-stage renal disease who have different types of peritoneal membranes as determined by the standard PET. The PDE proteome profile is similar but not identical to the urinary proteome profile previously reported in several studies, [8] [9] [10] indicating that CPD can partially work as an artificial kidney, but cannot completely replace the native kidney, a sophisticated organ for maintaining the normal physiology or homeostasis. Quantitative intensity analysis and ANOVA with Tukey's posthoc multiple comparisons revealed five protein spots whose intensity levels significantly differed among groups (see Table 2 ). These protein spots (labeled with numbers) were subsequently identified by MALDI-Q-TOF MS and MS/MS analyses (see also Table 3 and  Supporting Information Table S1 ).
Although the positions of immunoglobulin κ light chain VLJ region and apoA-I in the 2-DE gel were consistent with their theoretical pIs and molecular masses, the other three identified proteins had some degrees of inconsistency between the theoretical and actual (in-gel) values (Table 3 ). This might be simply explained that we identified some of the cleavage, proteolytic, or post-translationally modified products of these proteins, which can alter the proteins' pIs and/or molecular masses. For example, the identified C4A spot (no. 343) was present in the 2-DE gel at approximately 36 kDa, whereas its theoretical mass is 194.34 kDa (Figure 1 and Table 3 ). The MS and MS/MS sequence data clearly showed that we had identified the C-terminal fragment (from residue 1031-1744), not the full length, of C4A (see Table S1 ). Similarly, chemical adducts could also shift the pI of albumin from its theoretical value, while its molecular mass was slightly changed or almost unaffected (spot no. 167; see Figure 1 and Table 3 ).
Interestingly, the removal of total protein, mostly albumin, 11 into the PDE was greater in the high transporters (H and HA) ( Table 1) . However, the level of human serum albumin in a complex with myristic acid and triiodobenzoic acid was greater in the low transporters (L and LA) when compared to the higher transporters (H and HA). Recently, Ghiggeri and colleagues 12, 13 have shown that repetitive fragmentation products and oxidation forms of albumin are associated with activity of glomerular diseases and degree of nephrotic syndrome. These data strengthen our disparate results, which might imply the potential role of the modified or complexed forms of albumin in peritoneal membrane transport. However, it should be noted that the identification of human serum albumin in a complex with myristic acid and triiodobenzoic acid was based entirely on peptide mass and ion searches using the MACOT tool. A confirmatory study is required to explore further the role of this complexed form of albumin in peritoneal membrane transport.
The PDE level of C4A was higher in the H and HA transporters. Although we identified only a C-terminal fragment of C4A to have differential levels by 2-DE ( Figure 1 , Table 3, and  Supporting Information Table S1 ), the data obtained from ELISA clearly confirmed our proteomic data ( Figure 2 ). C4A is one among several forms of human complement component C4, which plays a crucial role in early step of the classical pathway of complement activation. 14 Normally, complement component products in peritoneal fluid are most likely activated via the alternative pathway, whereas the PDE C4A, a component of the classical pathway, is usually originated from vascular leakage. 15 This might explain why the low transporters had lower C4A level in PDE and there was no significant difference of the C4A spot intensity between the peritonitis and peritonitis-free patients.
In contrast, the PDE abundance of immunoglobulin κ light chain VLJ region tended to be higher in patients who had peritonitis. It is generally known that immunoglobulin light chains, both κ and λ, can disturb two essential neutrophil functions, including chemotaxis and activation of cellular glucose uptake, and can also attenuate neutrophil apoptosis, the coordinated cell death that is crucial for the resolution of inflammation without tissue destruction. 16 The higher level of immunoglobulin κ light chain VLJ region in PDE of CPD patients with peritonitis might be related to the poorer functions of neutrophils, thereby a higher risk of peritonitis.
R1-Antitrypsin is a small glycoprotein, which is normally produced from the liver and functions as a serine protease inhibitor (serpin), particularly against neutrophil elastase.
17
Monocytes can also produce R1-antitrypsin and may be the other source of R1-antitrypsin in the PDE. 17 R1-Antitrypsin can increase by 4-fold in the plasma of patients with acute-phase states. 17 This serpin inhibits elastase activity and synthesis of platelet activating factor in the PDE of peritonitis-free patients but had no action in acute infectious peritonitis because of the oxidative inactivation from the proteolytic injury and inflammatory mediators during peritonitis. 18 R1-Antitrypsin level in the PDE did not differ between patients with peritonitis and those without peritonitis probably because we performed proteomic analysis when all patients were free from peritonitis for more than 1 month, while the normal circulatory half-life of R1-antitrypsin is only 6 days. 17 Analyzing the PDE proteome during peritonitis may yield differential levels of R1-antitrypsin in patients with and without peritoneal infection.
Patients with H and HA transport also had higher dialysate apolipoprotein A-I (apoA-I) compared to the L and LA transporters. ApoA-I is the major constituent of high-density lipoprotein (HDL) that plays an important role in reverse cholesterol transport, a process in which apoA-I acts as an acceptor for sequential transfer of phospholipids and free cholesterol from peripheral tissues and transport of cholesterol to the liver and other tissues for excretion and steroidogenesis. 19 All plasma lipoproteins can appear in the PDE similar to other macromolecules. 20 The peritoneal loss of HDL (may be up to 34% of its synthetic rate) is inversely correlated with the plasma HDL level. 20 A considerable loss of apoA-I in the PDE had been previously reported and had a tendency to decrease the plasma levels of apoA-I and HDL although they were not statistically significant. 21 This may be the reason that why the high solute transporters are prone to develop atherosclerosis. 22 In summary, five proteins were removed with differential proportions into the PDE of CPD patients who had different types of peritoneal membranes. The high transporters tended to have greater amount of total protein, which indicated the protein loss into the PDE. The higher level of κ light chain may be an indicator or may play an important role in peritonitis in CPD patients. However, the number of subjects in our present study was relatively small. Extending the study, prospectively and longitudinally, with a larger number of patients and with subgroup analyses may yield additional information of the dialysate proteins in association with dialysis adequacy and its complications.
Abbreviations: 2-DE, two-dimensional gel electrophoresis; ACN, acetonitrile; apoA-I, apolipoprotein A-I; BSA, bovine serum albumin; CHAPS, 3-[(3-cholamidopropyl)dimethylamino]-1-propanesulfonate; CHCA, R-cyano-4-hydroxycinnamic acid; CPD, chronic peritoneal dialysis; Cr, creatinine; DTT, dithiothreitol; H, high transport rate; HA, high average transport rate; L, low transport rate; LA, low average transport rate; MALDI-Q-TOF, matrix-assisted laser desorption ionization quadrupole time-of-flight; nGFR, normalized glomerular filtration rate; npCCr, normalized peritoneal creatinine clearance; nPNA, normalized protein nitrogen appearance; PDE, peritoneal dialysate effluents; PET, peritoneal equilibration test; pKt/V urea, peritoneal urea clearance normalized with distribution volume of urea; rKt/V urea, renal urea clearance normalized with distribution volume of urea; SDS, sodium dodecyl sulfate; TFA, trifluoroacetic acid; tKt/Vurea, total urea clearance normalized with distribution volume of urea; UF, ultrafiltration.
